Introduction
Sustainable and stable development of an electric utility company implies the modernization of its structural units that provide technological process by updating fixed assets.
The process of the modernization of structural subdivisions of enterprises is associated with significant capital investments. Under modern market conditions, electric utility enterprises have limited financial resources for carrying out such modernization. Thus, the company management faces the task of optimal allocation of available funds among main technological units. When tackling this problem, it is necessary to take into account a large number of criteria that are often contradictory. So it is very important to find an agreed optimum for all considered criteria.
The criterion of efficient performance of technical units is the risk of reducing the reliability of electricity supply, which is necessary to minimize [1] . There are limited funds C for the modernization.
Under these objectively existing conditions, it is necessary to efficiently allocate available funds among the divisions, which are responsible for the equipment that needs a replacement. This task is multicriterial and it must be solved under conditions of incomplete initial data. In the case of non-optimal solution of this problem, which often occurs through the neglect of certain criteria or underestimation of incompleteness of the unitial information, the available funds can be spent inefficiently and thus reduce the overall efficiency of the modernisation of an electric utility company. Therefore, the task of determining the optimal allocation of funds among the divisions of an electric utility enterprise taking into account all the objectively existing factors is relevant.
Analysis of scientific literature and the problem statement
The known methods of allocation of resources among companies or divisions of an enterprise [2, 3] solve an optimizing task of profit or production output maximization under conditions of existing deterministic dependencies of the values that form the target function, on the volume of financing. In addition, very often the task of resource allocation (financial or energy) is limited to the distribution systems without taking into account systems of generation and transmission of electricity and electric power system as a whole [3, 4] . The paper [5] studied the issue of distribution and supply of electricity under conditions of the energy market of Ukraine, where there is an imbalance between the supply and consumption of electric power under conditions of scarcity of resources, but the task of their allocation is not addressed. In the paper [6] the author discusses the optimization of distribution of generation in the power system in the presence of distributed energy resources in order to increase its reliability and reduce the cost of electricity, but the methods of allocation of finances among the objects of distributed generation are not considered. In the article [7] , the issue of the management of available resources was examined more comprehensively, but, yet again, only for a small scale electric utility enterprise with the sources of distributed generation.
During the allocation of available funds among enterprises of energy sector, optimization task is complicated by the necessity of taking into account not only the economic effect, but also the technical conditions of the functioning of an electric utility company, the analysis of which is in the area of risk evaluation [8, 9] .
Technical and economic optimisation task of allocation of resources among units of an electric utility company in the general case is multicriterial and it can be solved under conditions of a large number of uncertainties. Under such conditions, it is advisable to apply the Pareto method, which allows determining the optimal scope of decisions by using expert assessments [10, 11] .
Let us specify the set of feasible solutions to the task of allocation of funds C among the n units of an electric utility company:
{ } { } is called the Pareto set in the criteria space. Pareto-optimal solution to a multi-criteria task of allocating the funds among departments is to be searched only among the elements of the set of Pareto-effective area D E . In this area not a single element i D can be improved without worsening of at least one of the other elements. An important feature of the Pareto set D E is the possibility of removing a decision which is in advance inefficient and inferior to others by all criteria, from the total set of solutions D. Another valuable feature of the Pareto set is that the Pareto principle proposes less stringent requirements to the notion of optimality (unlike other principles, for example, the Nash principle), as a result of which the Pareto-optimal set exists always and it is not empty [9] .
Efficient solutions are only between the points of the optimum, which were obtained at solving a mult-icriteria task separately for each criterion. The solution to a multi-criteria task should begin with the selection of the set D E . In the absence of additional information about the system of priorities of the person that makes the decision, another approach is impossible.
The purpose and objectives of the study
The aim of this work is to define the method of optimal allocation of limited resources among the technical units of an electric utility company (energy system, supplying company, electric utility plant) by the criterion of minimizing the risk of an emergency situation under conditions of a large number of uncertainties.
According to the set goal, the following tasks are solved: -the formation of a set of feasible decisions in the allocation of resources among units of an electric utility enterprise; -determination of optimal set of solutions on a set of the feasible ones by using the Pareto method;
-design of an approach to analytical solution of the set optimization task on the basis of the results of probabilistic-statistical evaluation of the risk of an emergency in an electric utility company.
Method of optimal allocation of funds among the divisions of an electric utility enterprise
The formation of a set of feasible solutions. When solving a multi-criteria problem of decision-making, it is necessary in the first place to create a set of feasible solutions, based on the specifics of functioning of the units that are parts of the company. In the set problem, technological units of an electric utility plant are considered. The equipment, for which these units are responsible for, must be upgraded. Integrated assessment of the reliability of the equipment of these units is a risk of an accident due to the equipment failure in the interval of time.
The task of reducing the risk of an accident due to an equipment failure. An electric utility company has to select the equipment that needs a replacement (or repair) to minimize the risk of an accident occurrence in a power system due to its failure, and the cost of the equipment would not exceed a certain amount C. In this case the cost of power equipment is known: transformers (C T ), lines (C L ), switchers (C S ). Then the task of reducing the risk of the occurrence of an accident in the power system due to the equipment failure in the interval of time is formulated as follows: it is necessary to find such integer values of variables K m so that to fulfill the following inequality:
and in this case the risk of an accident occurrence in the power system would be minimally possible:
where L is the number of possible emergency scenarios; N is the number of units of equipment, which this department is responsible for; M j are the effects of an emergency situation; is the probability of occurrence of j emergency at the failure of і-th element; P(S) i is the probability of failure of і element in the time interval t D [8] .
To define variants for replacement of equipment, let us assume that out of the total amount for the replacement of the equipment of the k-th unit, the amount
As a result of solving the obtained task of integer programming, we receive the variants of solution D i : the value of minimal risk, depending on the means allocated to
Forming the set of Pareto efficient solutions. According to the general solution of the multi-criteria problems, we perform a narrowing of the set of feasible solutions of the total set D to the set of Pareto efficient solutions D E . Defining the set of efficient solutions is performed according to the algorithm of construction of Pareto-optimal vectors P(Y) [12] . The algorithm is constructed so that the the required set of Pareto-optimal vectors is derived from Y by sequential deleting of vectors that are non-optimal in advance [9, 10] :
Step 1. Put P(Y)=Y, i=1, j=2. This forms the so-called current set of Pareto-optimal vectors, which in the beginning of the algorithm work matches the set Y, and in the end it will form the required set of Pareto-optimal vectors.
Step 2. Check out the performance of inequality y i >y j . If it is true, then skip to step 3. Otherwise, proceed to step 5.
Step 3. Remove vector y j from the current set of vectors P(Y), as it is not Pareto-optimal.
Step 4. Check out the fulfillment of inequality j<N. If it exists, then put j=j+1 and return to step 2. In the opposite case, return to step 7.
Step 5. Check out validity of inequality y j >y i . In the case when it is true, proceed to step 6. In the opposite case, return to step 4.
Step 6. Remove the vector y i from the current set of vectors P(Y).
Step 7. Check out the fulfillment of inequality j<N-1. In the case this inequality is true, we should put consistently i=i+1 and then j=i+1. After this, it is necessary to return to step 2. In the opposite case (i. e. When j>N-1), complete the calculations.
The choice of the optimal solution is performed with taking into account the priorities of persons who make decisions. Instead of L partial criteria we will consider one scalar criterion, which is obtained by a combination of partial criteria using the additive method of convolution of criteria.
Assume the criteria are commensurate [9] and the vector of weighting coefficients of the criteria { } 1 2 P a ,a ,...,a a = that characterize the importance of appropriate criteria is defined. This means that i j a a ≥ , if the criteria i f has priority over the criterion f j . In this case the weighting coefficients of the criteria are inalienable and meet the normalization condition:
For the additive method of selecting the optimal solution, objective function is built:
in this case:
where R i (C i ) is the value of the risk of accident occurrence in EUC due to a failure of equipment that is administered by the i-th unit, in case the amount C i is allocated for the modernization of the equipment of the i-th unit. Given the limitations of the available financial resources C, the following equality must be fulfilled:
where C i is the amount allocated for the i-th unit, P is the total number of units in the electric utility company. In this case the task of optimization of scalar criterion is solved:
The calculation of weighting coefficients is advisable to carry out by the method of pairwise comparisons of Saaty [13] , which allows taking into account the priority of the people who make decisions, as well as their subjectivity.
By the priorities of experts, the Saaty matrix A with dimension p p × is formed, for which its own number is determined from the expression:
A system of equations is compiled for determining the weighting coefficients:
In which the last equation is replaced by the normalization condition (5) . From the obtained system of equations, the vector of weighting coefficients a is defined, which is substituted in the expression (6) of target function to determine the optimal solution.
To determine Pareto-optimal resource allocation among units of EUC that will minimize the risk of an emergency situation, we used analytical method of the risk evaluation of an emergency in EUC without PSM, presented in [14, 15] , where the overall risk is the sum of local risks from failures of the elements that form the subset M 1 :
where each local risk, in turn, is described by the expression:
where i p ( t) D is the probability of failure of an element in the interval of time, * i P is an average pre accident flowing of power through the i-th element (in relative units), A i (P i ) is the coefficient that is determined from the expression for local risk.
An example of the optimal allocation of funds among the divisions of an electric utility enterprise
The top management of an electric utility enterprise (electric utility system), the electric scheme of which is presented in Fig. 1 , has to allocate the amount of UAH 100 mln, which is meant to replace physically obsolete equipment, among the three technological units:
-the department of the main equipment of the substations (transformers, reactors); -the department of distribution plants of substations (switches, disconnectors, busbars); -the department of electric power lines.
The EUC defined elements, failure of which can lead to the occurrence of an accident by scenarios of breaching stability. These elements form the subset 1 M : 1) Lines: L100-202, L5-8, L8-200, L100-101; 2) Transformers: Т200-202, Т5-6; 3) Switches: S13, S14, S15, S20, S22, S23, S27, S28, S29, S30, S34, S35. 
Fig. 1. EUC scheme
The prices for the new equipment for replacement of the elements, the refusal from which can lead to an emergency, are available: 1) Lines: -EPL 220 kV (L100-101; L100-202) -UAH 500 000/km; -EPL 500 kV (L5-8; L8-200) -UAH 750 000/km. 2) Transformers: -Т5-6 -UAH 40 mln; -Т200-202 -UAH 60 mln.
3) Switches: -ЕS 220 kV (S20, S22, S23, S30, S35) -UAH 5 mln; -ЕS 500 kV (S13, S14, S15, S27, S28, S29, S34) -UAH 10 mln.
The cost of a complete replacement of the equipment listed in the EUC is UAH 461.5 mln. As noted above, the existing amount of funds is UAH 100 mln. It is necessary to allocate these funds so as to minimize the risk of accidents in the EUC.
To do this, by using the method outlined in [15] , we defined probabilistic characteristics of equipment from the subset M 1 , the refusal from which can lead to the occurrence of accidents (Table 1) . Probabilistic characteristics are defined for the time interval t 3 months D = . By the algorithm presented in [15, 16] , we fulfilled the probabilistic-statistical modeling of EUC, the results of which determined the technical risk of an emergency situation (breach of stability) in EUC in the case of emergency from the subset M 1 . Results of probabilistic-statistical modeling are presented in Table 2 .
The total number of implementations of the algorithm PSM k=200. The number of implementations in which there was a failure in the stability k 1 =92. Technical risk in this case is: The number of pieces of equipment of the k-th unit is determined (taking into account the probability of failure of a piece of equipment in the interval of time t 3 months D = ), which can be substituted at the allocated amount C k (Table 3) . Table 3 Equipment to be replaced C k , UAH mln.
Switches to be replaced
Transformers to be replaced EPL to be replaced (length of the EL section to be replaced, km) 0,1 С=10 mln S15 -L100-202 -20 km 0,2 С=20 mln S15, S22, S23 -L100-202 -40 km 0,3 С=30 mln S15, S22, S23, S27 -L100-202 -60 km 0,4 С=40 mln S15, S22, S23, S27, S28 Т200-202 L100-202 0,5 С=50 mln S13, S15, S22, S23, S27, S28 -L100-202, L5-8 -18 km 0,6 С=60 mln S13, S15, S22, S23, S27, S28, S29
Т5-6 L100-202, L5-8 -31 km 0,7 С=70 mln S13, S15, S22, S23, S27, S28, S29, S30, S35 -L100-202, L5-8 -45 km 0,8 С=80 mln S13, S15, S22, S23, S27, S28, S29, S30, S34, S35 -L100-202, L5-8 -63 km 0,9 С=90 mln S13, S14, S15, S22, S23, S27, S28, S29, S30, S34, S35 -L100-202, L5-8 -77 km 1,0 С=100 mln S13, S14, S15, S20, S22, S23, S27, S28, S29, S30, S34, S35 Т5-6, Т200-202 L100-202, L5-8 -90 km To determine Pareto-optimal allocation of available resources among the units of EUC that will minimize the risk of breach in stability, an analytical method of the risk evaluation of an emergency in the EUC was applied without PSM, presented in [17], which is described by the expressions (12), (13) . The coefficients A i (P i ), defined for the elements of the subset M 1 on the basis of the PSM results (Table 2) , are presented in Table 4 . are not sufficient to complete the full replacement of the power lines, but only to replace sections of a certain length. Based on this, the probability of a failure of EPL L100-202 and L5-8 in the time interval was determined, in case of their partial replacement (Table 5) . Table 4 Determination of coefficients A i (P i ) We identified, by the expression (12), the risk of an emergency situation in the EUC in the case of spending { } 0,1C; 0,2C;...; 1,0C of the available funds for the replacement of equipment of the same type (switches, transformers, lines -according to Table 3 ). The results are presented in Table 6 . Using the method of linear programming, the best allocation of funds among the three departments is determined. The problem setting in this case is as follows:
C C C 100;
1. 
Its own number λ is determined:
det A E det 1/ 4 1 3 0
A system of equations is built for determining the weighting coefficients, taking into account 
The solution to a linear programming problem (11) with the restriction in the form of equality is given below in the tabular form.
With the obtained coefficients, optimization problem is solved by using the method of integer programming [9, 10] . According to the obtained results, optimal allocation of funds among the divisions of an electric utility system, which minimizes the risk of accidents in EUC, has the form:
-the amount of C 1 =0,7•C=70 mln UAH is allocated to replace the switches S13, S15, S22, S23, S27, S28, S29, S30, S35;
-the amount of С 3 =0,3•C=30 mln UAH is allocated to replace 60 km of line L100-202.
To allocate funds for the replacement of transformers with the aim of reducing the risk is inappropriate, which means C 2 =0. The magnitude of risk of stability disruption in the time interval t 3 months D = is determined by the expression (12) with regard to the replacement of the above equipment by the new one:
The resulting value of the magnitude of risk is more than 2 times less compared to that received in the expression (14) , indicating a significant efficiency of the measures taken under conditions of limited financing.
A modeled fuzzy statistical method of allocating funds among the units of electric utility company allows decision making under conditions of fuzzy initial information and minimizing the risk of accidents in an electric utility company by the most efficient allocation of available resources. To solve this task, the method was used for constructing the set of feasible solutions, based on the specific functioning of the enterprise divisions. The set of feasible solutions is formed according to the Pareto method. An optimal solution is chosen taking into account the priorities of the person who makes the decisions. For the evaluation of the risk during the solution of the linear programming problem, we used the method which allows determining the risk by analytic way without conducting a probabilistic-statistical modeling, which makes the designed method efficient for practical application in an express-estimation of the risk at different variants of the allocation of funds among departments of electric utility company without the use of probabilistic-statistical modeling.
Conclusions
Based on the results of the performed studies, we developed a fuzzy statistical method of optimal allocation of funds among the divisions of an electric utility company that allows: 1) forming a set of feasible variants for the allocation of the limited funds on the set of existing solutions with regard to the specifics in functioning of technological units. As an integral criterion for evaluation of the reliability of these units' performance, we adopted the risk of an accident occurrence due to a failure of the equipment in the interval of time;
2) determining the optimal solution on the compiled set of feasible variants using the Pareto method, when no element of the Pareto-set can be improved without worsening of at least one of the other elements, which makes it possible to define a compromise allocation of funding, at which the minimum possible value of the risk of an accident in the electric utility enterprise's networks is provided;
3) applying analytical approach to the determination of the risk in solving the problem of linear programming, which will allow arriving faster at the optimal result of allocation of the funds among the divisions of an electric utility enterprise in comparison to multiple carrying out of probabilistic-statistical modeling, and analysing local components in the formation of the general value of the magnitude of risk.
